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We and others recently generated mice with a targeted disruption of the insulin receptor substrate 1 (IRS-1)
gene and demonstrated that they exhibited growth retardation and had resistance to the glucose-lowering effect
of insulin. Insulin initiates its biological effects by activating at least two major signalling pathways, one
involving phosphatidylinositol 3-kinase (PI3-kinase) and the other involving a ras/mitogen-activated protein
kinase (MAP kinase) cascade. In this study, we investigated the roles of IRS-1 and IRS-2 in the biological
actions in the physiological target organs of insulin by comparing the effects of insulin in wild-type and
IRS-1-deficient mice. In muscles from IRS-1-deficient mice, the responses to insulin-induced PI3-kinase
activation, glucose transport, p70 S6 kinase and MAP kinase activation, mRNA translation, and protein
synthesis were significantly impaired compared with those in wild-type mice. Insulin-induced protein synthesis
was both wortmannin sensitive and insensitive in wild-type and IRS-1-deficient mice. However, in another
target organ, the liver, the responses to insulin-induced PI3-kinase and MAP kinase activation were not
significantly reduced. The amount of tyrosine-phosphorylated IRS-2 (in IRS-1-deficient mice) was roughly
equal to that of IRS-1 (in wild-type mice) in the liver, whereas it was only 20 to 30% of that of IRS-1 in the
muscles. In conclusion, (i) IRS-1 plays central roles in two major biological actions of insulin in muscles,
glucose transport and protein synthesis; (ii) the insulin resistance of IRS-1-deficient mice is mainly due to
resistance in the muscles; and (iii) the degree of compensation for IRS-1 deficiency appears to be correlated
with the amount of tyrosine-phosphorylated IRS-2 (in IRS-1-deficient mice) relative to that of IRS-1 (in
wild-type mice).

Insulin induces a wide variety of growth and metabolic re-
sponses in many cell types. Insulin initiates its biological effects
by activating tyrosine kinase in the b subunit (17) and phos-
phorylating several proteins (16, 39, 46, 49). These tyrosine-
phosphorylated substrates bind several Src homology 2 pro-
teins, thereby linking the tyrosine kinase to activation of at
least two major signalling pathways, one involving a ras/mito-
gen-activated protein kinase (MAP kinase) cascade and the
other involving phosphatidylinositol 3-kinase (PI3-kinase),
which finally lead to insulin’s biological actions.
Insulin receptor substrate 1 (IRS-1) is the major substrate of

the insulin receptor kinase and has many tyrosine phosphory-
lation sites which provide binding sites for several distinct Src
homology 2 proteins (e.g., Ash/Grb2 [abundant Src homology/
growth factor receptor bound protein 2], the 85-kDa subunit of
PI3-kinase [PI3-kinase p85], Syp, and Nck) and may mediate
multiple signalling pathways (34, 45). In fact, IRS-1-deficient
mice exhibited growth retardation and had resistance to the
glucose-lowering effect(s) of insulin and insulin-like growth
factor 1 (1, 36). However, the answer to the question of

whether insulin resistance in IRS-1-deficient mice occurs at the
level of liver and/or peripheral tissues, such as muscle and
adipose tissue, is not clear, and it is not clear whether both the
ras/MAP kinase pathway and the PI3-kinase pathway are af-
fected.
When IRS-1 is tyrosine phosphorylated, it binds Ash/Grb2,

thereby activating p21ras and leading to the activation of raf-1
kinase, MAP kinase kinase, MAP kinase, and p90 S6 kinase
(MAP kinase cascade) (23, 33, 40). With regard to other IRSs,
the transforming protein Shc (Src homology 2/a-collagen re-
lated) is also tyrosine phosphorylated and binds Ash/Grb2 (29,
49). Therefore, IRS-1 and Shc may constitute two major dis-
tinct pathways for insulin to activate a MAP kinase cascade
through Ash/Grb2, although the relative contributions of these
two pathways remain unclear and highly controversial. Several
reports indicate that Shc was the predominant signalling mol-
ecule coupling insulin receptors to the activation of MAP ki-
nase (31, 47). For example, in Rat1 fibroblasts overexpressing
human insulin receptor, the majority of Ras guanylnucleotide
exchange activity was found in Shc immunoprecipitates, with
only a relatively small fraction being associated with IRS-1
immunoprecipitates (32). It has also been reported that over-
expression of IRS-1 in Chinese hamster ovary cells expressing
the mutant receptor which originally could not phosphorylate
either IRS-1 or Shc restored IRS-1/Grb2 binding and yet MAP
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kinase activation was not rescued (4). However, the same
group reported that expression of IRS-1 in 32-D cells caused a
stimulation of MAP kinase by insulin through an enhancement
of Grb2 binding to IRS-1 (24). The relative contributions of
IRS-1 and Shc have not been determined in the physiological
target organs in vivo.
When it is tyrosine phosphorylated, IRS-1 also binds PI3-

kinase p85, thereby activating PI3-kinase (2, 18), leading to the
activation of glucose transport into cells (3, 26), and p70 S6
kinase (3, 5). Since rapamycin, an immunosuppressant, com-
pletely inhibits the activation of p70 S6 kinase but has no effect
on insulin-stimulated glucose transport in 3T3-L1 adipocytes
(7), stimulation of glucose transport and activation of p70 S6
kinase by insulin seems to constitute two divergent pathways
following the activation of PI3-kinase.
One of the downstream events in the activation of p70 S6

kinase and MAP kinase/p90 S6 kinase by insulin may be the
stimulation of protein synthesis. The major effects of insulin
are exerted at the initiation stage of translation. In this regard,
insulin-stimulated activation of MAP kinase is thought to re-
sult in the increased phosphorylation of eukaryotic initiation
factor 4E (eIF-4E)-binding protein 1 (4E-BP1), which then
dissociates from eIF-4E, allowing the initiation of translation
(20, 28). More recently, it has been shown that insulin pro-
motes the phosphorylation of multiple sites in 4E-BP1 via
multiple transduction pathways, one of which is likely to in-
volve p70 S6 kinase, since it is rapamycin sensitive and inde-
pendent of MAP kinase (9, 21). The phosphorylation of S6,
which is also implicated in insulin-stimulated protein synthesis,
most likely via an enhanced initiation of translation (13), is
largely, if not exclusively, brought about by p70 S6 kinase
rather than p90 S6 kinase (6, 30). In spite of the fact that
insulin-stimulated protein synthesis is one of the major effects
of insulin and that decreased protein synthesis in the muscle
but not in the liver has been reported in diabetes (12), there
has been no study reporting the role of IRS-1 in the control of
mRNA translation and protein synthesis by insulin in muscle
tissue.
IRS-2 is a substrate of insulin receptor kinase, has a molec-

ular mass of approximately 190 kDa, has been identified in
muscle and liver extracts, and can bind both PI3-kinase and
Ash/Grb2 (1, 27, 41). Tyrosine phosphorylation of IRS-2 in
IRS-1-deficient mice is significantly increased compared with
that in wild-type mice. This increased level seems to compen-
sate for IRS-1 deficiency at least in part and may partially
rescue an otherwise much more severe insulin resistance in
IRS-1-deficient mice. Recently, interleukin-4-induced phos-
photyrosine substrate (4PS), which was originally found in in-
terleukin-3-dependent myeloid cell lines as a common sub-
strate for interleukin-4 receptor and insulin receptor kinase
(43, 44), has been cloned (35) and reported to be the same
molecule as IRS-2 (27). Although functional similarities be-
tween IRS-1 and IRS-2 have been suggested, primarily on the
basis of their structural similarities, the biological functions of
IRS-2 in the target organs of insulin are not known at present.
In this study, to evaluate the roles of IRS-1 and IRS-2 in

insulin actions—especially the stimulation of glucose transport
and protein synthesis, two major actions of insulin, in its phys-
iological target organs—and to clarify the potential differences
in the roles of IRS-1 and IRS-2 in different target organs, we
investigated a variety of insulin signal transduction pathways in
skeletal muscle and liver tissues from IRS-1-deficient mice. We
also studied the tyrosine phosphorylation of IRS-2 in these
target organs, especially in relation to the degree of insulin
resistance. We show here that (i) the insulin resistance of
IRS-1-deficient mice occurred at the level of skeletal muscles

and was due to a decrease in the activation of PI3-kinase and
glucose transport; (ii) IRS-1 also played an essential role in the
activation of MAP kinase, p70 S6 kinase, and protein synthesis
in the muscles; and (iii) the degree of compensation for IRS-1
deficiency appeared to be correlated with the amount of ty-
rosine-phosphorylated IRS-2 (in IRS-1-deficient mice) relative
to that of IRS-1 (in wild-type mice).

MATERIALS AND METHODS

Mice and experimental design. The genotypes of the mice used were deter-
mined as described previously (36). Male mice weighing about 20 g (at 8 to 12
weeks of age) were used in these studies. They were starved overnight and
anesthetized by the intraperitoneal administration of 100 mg of sodium pento-
barbital per g of body weight 10 to 15 min before the experiment. For immuno-
blotting and the determination of PI-3 kinase and MAP kinase activity, skeletal
muscles or livers were stimulated with insulin in vivo by an injection of the
hormone via the portal vein. For determinations of the protein synthesis rate,
glucose transport activity, and p70 S6 kinase activity, intact soleus muscles were
excised and stimulated with insulin in vitro.
Antibodies. Monoclonal anti-phosphotyrosine antibody PY20, PY20 conju-

gated to alkaline phosphatase (RC20A), alkaline phosphatase-conjugated goat
anti-mouse immunoglobulin G, and the polyclonal antibody against Shc were
purchased from Transduction Laboratories. Rabbit polyclonal antibodies specific
for phosphotyrosine were prepared as described previously (39). The monoclonal
antibody against the 85-kDa subunit of PI3-kinase (AB6) was from MBL
(Nagoya, Japan). The polyclonal antibody against Ash/Grb2 (C23) and the poly-
clonal antibody against the epitopes corresponding to residues 485 to 502 of rat
p70 S6 kinase (C-18) were from Santa Cruz Biotechnology Inc. The polyclonal
antibody (1-6) against a fusion protein of IRS-1 corresponding to residues 778 to
1243 (anti-IRS-1) was a kind gift from Masaki Nishiyama (Jikei University
School of Medicine, Tokyo, Japan). The polyclonal antibody (179C) to IRS-2–
4PS (anti-IRS-2) was raised against the peptide of DFLSHHLKEATVVKE,
which corresponded to residues 1308 to 1322 of the amino acid sequence of
mouse IRS-2 (35). The polyclonal antibodies to MAP kinase, aC92 and aY91,
were raised against the peptide corresponding to residues 350 to 367 and 307 to
327 of extracellular signal-regulated kinase-1, respectively (38). The monoclonal
antibody against eIF-4E, 10C6, and the rabbit polyclonal antibody against 4E-
BP1 were generated as described previously (19, 28). A rabbit polyclonal anti-
body against a 20-amino-acid peptide with a sequence corresponding to the
COOH-terminal sequence of glucose transporter 4 was from Hoffmann-La-
Roche (Nutley, N.J.).
Materials. Porcine insulin was a gift from Eli Lilly Co. Actrapid human insulin

was from Novo Nordisk A/S (Bagsvaerd, Denmark). Epidermal growth factor
(EGF) was from Sigma. Wortmannin was kindly provided by Yuzuru Matsuda
(Tokyo Research Laboratories, Kyowa Hakko Kogyo Co.). Phosphatidylinositol
(bovine liver) was purchased from Avanti Polar Lipids, Inc. Protein G-Sepharose
and 7-methyl-GTP (m7GTP)–Sepharose were from Pharmacia Biotech Inc. All
other materials were obtained from the sources described earlier (11).
Immunoblotting and PI3-kinase and MAP kinase assays. Immunoblotting and

MAP kinase and PI3-kinase assays were performed as described previously (15,
37, 41). The portal vein was exposed, and 1 U of insulin per g of body weight or
500 ng of EGF per g body weight was injected via this vein. At the indicated time,
the skeletal muscles from the hind limbs or the livers were removed, homoge-
nized in ice-cold 1% Nonidet P-40–buffer A (25 mM Tris-HCl [pH 7.4], 10 mM
sodium orthovanadate, 10 mM sodium PPi, 100 mM sodium fluoride, 10 mM
EDTA, 10 mM EGTA [ethylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9-tet-
raacetic acid], and 1 mM phenylmethylsulfonyl fluoride), and centrifuged. Mus-
cle homogenates containing 5 mg of total protein or liver homogenates contain-
ing 7.5 mg of total protein were incubated with the indicated antibodies, and then
protein G-Sepharose was added. The immunoprecipitates were washed with 1%
Nonidet P-40–buffer A three times. The immunoprecipitates were subjected to
immunoblotting with RC20 followed by detection with the alkaline phosphatase
conjugate system (Promega) or were probed with the indicated primary antibod-
ies and then detected with 125I-protein A (Amersham). The amount of tyrosine
phosphorylation, normalized by the amount of receptor autophosphorylation,
was evaluated by densitometry of the autoradiographs as described previously (4,
14).
The immunoprecipitates with PY20 were subjected to a PI 3-kinase assay,

while those with aC92 were subjected to a MAP kinase assay. To 5 ml of the
immunoprecipitates, 40 ml of kinase buffer (25 mM Tris-HCl [pH 7.4], 10 mM
MgCl2, 1 mM dithiothreitol, 40 mM ATP, 1 mCi of [g-32P]ATP [6,000 Ci/mmol;
Du Pont NEN], 2 mM protein kinase inhibitor [rabbit sequence; Sigma], 0.5 mM
EGTA) and 5 ml of myelin basic protein (MBP) (5 mg/ml) were added. After 15
min at 258C, the reaction was stopped and the aliquots were spotted on squares
of P81 paper (Whatman), washed, and counted by Cerenkov counting. Nonspe-
cific 32P incorporation was determined in identical assays lacking immune com-
plex. In some experiments, the aliquots were not adsorbed to P81 paper and the
reaction was stopped by the addition of 15 ml of 53 Laemmli buffer. The aliquots
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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(SDS-PAGE) and then to autoradiography. The kinase assay in MBP-containing
gel was performed as described previously (42).
Determination of the dissociation of the eIF-4E–4E-BP1 complex. We inves-

tigated the interaction between eIF-4E and 4E-BP1 as described previously (20,
21), with modifications. After a 10-min stimulation with insulin (1 U/g of body
weight) or EGF (500 ng/g of body weight) via the portal vein, skeletal muscles
from the hind limbs were removed, homogenized in ice-cold buffer B (1 mM
EDTA, 5 mM EGTA, 10 mM MgCl2, 2 mM dithiothreitol, 0.1 mM phenyl-
methylsulfonyl fluoride, 10 mg of leupeptin per ml, 10 mg of aprotinin per ml, 1
mM benzamidine, 10 mM KPi, and 50 mM b-glycerophosphate [pH 7.3]), and
centrifuged at 10,000 3 g for 20 min. When m7GTP-Sepharose was used, the
homogenization buffer was 80 mM b-glycerol phosphate (pH 7.3)–50 mM NaF.
We incubated the Sepharose with muscle extract (500 ml [5 mg of protein]) at
218C, and after 30 min, the resin was washed three times with the same buffer
before the proteins were eluted. When immunoprecipitation was done, the
muscle extracts were incubated with 4E-BP1 antibodies (5 mg) coupled to protein
G-Sepharose for 1 h at 48C. The Sepharose was washed three times with buffer
B before the proteins were eluted. For immunoblotting, the samples were probed
with the monoclonal antibody against eIF-4E (diluted 2,000 times) or affinity-
purified 4E-BP1 antibody (2 mg/ml), and the probing was followed by detection
with alkaline phosphatase conjugated to goat anti-mouse immunoglobulin G or
125I-protein A. The relative amounts of eIF-4E and 4E-BP1 were determined
from the optical densities of the appropriate bands as described previously (9).
Determination of protein synthesis rate. The muscles used for the determi-

nation of protein synthesis were incubated as described previously (8, 50), with
modifications. Briefly, soleus muscles isolated from the starved mice were pre-
incubated with shaking at 110 oscillations per min for 30 min in 1 ml of Ham’s
F12 medium (Gibco). After the preincubation period, each muscle was incubated
with shaking for 1 h in 1 ml of the same medium containing L-[2,3,5,6-3H]tyrosine
(5 mCi/ml; Amersham). To circumvent variations due to differences among
animals, paired soleus muscles were used. Two paired soleus muscles were
isolated from the same animal, with one muscle being incubated in the presence
of 100 nM insulin or 100 nM EGF during the incubation and the other being
used as a control without insulin. The gas phase in the flasks was 95% O2–5%
CO2. At the end of the incubation, the muscles were freeze-clamped and ho-
mogenized in an ice-cold 10 mM Tris-HCl buffer (pH 7.5) containing 250 mM
KCl, 10 mM MgCl2, 6 mM 2-mercaptoethanol, and 0.1 mM phenylmethylsulfo-
nyl fluoride. Homogenates were centrifuged at 12,000 3 g for 30 min at 48C. A
1-h time point had been shown to be within the linear range (data not shown).
In some experiments, the protein synthesis rate was measured with or without a
pretreatment with 50 nM wortmannin for 30 min. For the measurement of
radioactivity in total soluble protein, the supernatants were spotted on Whatman
3MM paper strips and the strips were kept in boiling 10% trichloroacetic acid for
5 min, washed, and counted for radioactivity. The remaining portion of the
supernatant was used to determine protein as described previously (22), with
bovine serum albumin being used as a standard.
Measurement of glucose transport activity. This assay was performed as de-

scribed previously (48), with modifications. Soleus muscles to be used for the
measurement of insulin-stimulated glucose transport activity were placed in 2 ml
of oxygenated Krebs-Henseleit bicarbonate (KHB) buffer containing 8 mM glu-
cose, 32 mM mannitol, and 100 nM insulin and incubated with shaking at 110
oscillations per min at 358C for 30 min. Control muscles were incubated under
the same conditions without insulin. The gas phase in the flasks was 95% O2–5%
CO2 throughout the experiment. After the initial incubation period, the muscles
were transferred to flasks containing 2 ml of KHB buffer with 40 mM mannitol
and incubated with shaking for 10 min at 298C to remove glucose. Glucose
transport activity was then measured with glucose analog 2-deoxy-D-glucose
(2-DG). Osmolarity was kept constant throughout the experiment by varying the
concentration of mannitol so that the sum of sugars equaled 40 mosM. Briefly,
the muscles were incubated for 5 min at 298C in 1.5 ml of KHB buffer containing
8 mM 2-deoxy-[1,2-3H]glucose (2 mCi/ml; Du Pont NEN) and 32 mM
[U-14C]mannitol (0.1 mCi/ml; Du Pont NEN). After incubation, the muscles
were blotted, frozen, weighed, homogenized in 1.5 ml of 10% trichloroacetic
acid, and centrifuged at 1,000 3 g. Duplicate aliquots of the supernatant were
counted for radioactivity. The calculations of extracellular space and the 2-DG
uptake rate were done as described above. The suitability of the use of 2-DG to
measure hexose transport activity in isolated skeletal muscles has been reported
(10). A 5-min time point had been shown to be within the linear range (data not
shown). In some experiments, 2-DG uptake was measured with or without
pretreatment with 50 nM wortmannin for 30 min by a protocol identical to that
described above.
p70 S6 kinase activity in the immune complex. Briefly, isolated soleus muscles

were incubated with shaking at 358C for 30 min in KHB buffer containing 5 mM
glucose and then were transferred to KHB buffer containing 5 mM glucose with
or without 100 nM insulin or 100 nM EGF. The gas phase in the flasks was 95%
O2–5% CO2. After 30 min, the incubations were terminated by freezing the
muscles in liquid nitrogen. In some experiments, p70 S6 kinase activity was
measured with or without pretreatment with 50 nM wortmannin for 30 min. The
determination of p70 S6 kinase in the immune complex was performed as
described previously (11).

Statistical analysis. The results are presented as means 6 standard errors of
the means. The significance of the differences between the two groups was
assessed by Student’s unpaired t test.

RESULTS

PI3-kinase activity in skeletal muscles. We measured PI3-
kinase activity in muscles from wild-type mice and IRS-1-de-
ficient mice with the immunoprecipitates with the monoclonal
antibody against phosphotyrosine (PY20). Two minutes after
insulin injection, there was a maximal level of kinase activity
(Fig. 1). In the muscles of wild-type mice, an insulin injection
resulted in a 30-fold increase in PI3-kinase activity in PY20
immunoprecipitates, while in the muscles of IRS-1-deficient
mice, it caused a 6-fold increase (Fig. 1). When the amounts of
the 85-kDa subunit of PI3-kinase protein were assessed by
immunoblotting with the monoclonal antibody against p85
(AB6), they were comparable for wild-type and IRS-1-defi-
cient mice (data not shown).
Tyrosine phosphorylation of pp190 (IRS-2) is induced in the

muscles of IRS-1-deficient mice, and pp190 can bind the 85-
kDa subunit of PI3-kinase. Mice were injected with insulin,
and 2 min after the injection, the phosphotyrosine proteins in

FIG. 1. PI3-kinase activity in the immunoprecipitates with aPY (anti-phos-
photyrosine) from the muscles of wild-type (WT) and IRS-1-deficient (null)
mice. The aPY (PY20) immunoprecipitates from the muscle extracts of un-
treated (time, 0 min) and insulin-treated wild-type and IRS-1-deficient mice for
the indicated periods were subjected to a PI3-kinase assay. The autoradiogram of
the thin-layer chromatograph is shown (A). The radioactivity in the spots cor-
responding to phosphatidylinositol (PIP) was measured, and the results, ex-
pressed as the ratios of the values for the respective mice to those for untreated
and untreated wild-type mice, are shown (B). Each bar represents the mean 6
standard error for muscles from five mice. p, P , 0.001 for insulin-injected
wild-type mice versus insulin-injected IRS-1-deficient mice.
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the muscles were determined by immunoblotting with PY20
conjugated to the alkaline phosphatase (RC20A) of PY20,
anti-IRS-1 antibody (aIRS-1 [1-6]), anti-IRS-2–4PS antibody
(aIRS-2 [179C]), and anti-p85 antibody (ap85) immunopre-
cipitates. We observed a 175-kDa tyrosine-phosphorylated
protein in the muscles of insulin-injected wild-type mice (Fig.
2A, lane b). This 175-kDa tyrosine-phosphorylated protein was
recognized by aIRS-1 and was thus identified as IRS-1 (Fig.
2A, lane f). In contrast, in IRS-1-deficient mice, although we
did not observe tyrosine phosphorylation of IRS-1, we recog-
nized a 190-kDa tyrosine-phosphorylated protein (pp190) in
insulin-injected mice (Fig. 2A, lane d). The 190-kDa protein
was not recognized by aIRS-1 (Fig. 2A, lane h) but was rec-
ognized by aIRS-2 and was thus identified as IRS-2–4PS (Fig.
2B, lane f). Next, we examined whether pp190 binds p85 as
IRS-1 does. In ap85 immunoprecipitates of insulin-injected
wild-type mice muscles, we observed a 175-kDa tyrosine-phos-
phorylated protein (Fig. 2A, lane j). In contrast, in insulin-
injected IRS-1-deficient mice, a 190-kDa tyrosine-phosphory-
lated protein was present in ap85 immunoprecipitates (Fig.
2A, lane 1), indicating that pp190 bound the p85 of PI3-kinase
in response to insulin. We previously reported that tyrosine
phosphorylation of pp190 by insulin was significantly stimu-
lated in the livers of IRS-1-deficient mice (41). The pp190
protein in liver tissue was also recognized by aIRS-2 and was
thus identified as IRS-2–4PS (Fig. 2B, lane l). Immunoprecipi-
tation of IRS-2–4PS is specific, because control rabbit preim-
mune serum did not recognize pp190 (Fig. 2B, lane n).
Glucose transport in skeletal muscles. We measured glu-

cose transport activity in muscles from wild-type mice and
IRS-1-deficient mice. Insulin (100 nM) stimulated the uptake
of 2-DG into isolated soleus muscles from wild-type mice by
about 4.8-fold, whereas it stimulated the uptake into muscles

from IRS-1-deficient mice by only about 2.4-fold (Fig. 3).
When the amounts of glucose transporter 4 protein were as-
sessed by immunoblotting with the polyclonal antibody against
glucose transporter 4, they were comparable in wild-type and
IRS-1-deficient mice (data not shown). The glucose transport
data (partial reduction in IRS-1-deficient mice) were consis-
tent with the PI3-kinase data. To directly address whether the
observed difference was indeed due to the PI3-kinase-depen-
dent pathway, glucose transport activity was measured with
pretreatment with 50 nM wortmannin, an inhibitor of PI3-
kinase, for 30 min. Wortmannin almost completely prevented
the increase in glucose transport activity in muscles from both
wild-type and IRS-1-deficient mice exposed to insulin (Fig. 3).
p70 S6 kinase activity in skeletal muscles. It has recently

been proposed that the activation of PI3-kinase may be up-
stream of p70 S6 kinase activation. Thus, to evaluate the role
of IRS-1 and PI3-kinase in the activation of p70 S6 kinase in
the target organs of insulin, intact soleus muscles were incu-
bated in vitro with insulin and the p70 S6 kinase activity in
muscles from wild-type and IRS-1-deficient mice was mea-
sured by immune complex assays. After a 30-min incubation,
we observed a maximal increase in kinase activity under our
conditions (data not shown). Insulin stimulation caused a 3.4-
fold increase of p70 S6 kinase activity in the anti-p70 S6 kinase
antibody (ap70 S6 kinase [C-18]) immunoprecipitates of mus-
cles from the wild-type mice, whereas it caused a 1.6-fold
increase in IRS-1-deficient mice (Fig. 4). Thus, consistent with
the proposal discussed above, insulin-induced p70 S6 kinase
activation was severely impaired, although not abolished, in
skeletal muscles from IRS-1-deficient mice, and wortmannin
almost completely abolished the insulin-stimulated increase in
p70 S6 kinase activity (Fig. 4). When these mice were stimu-
lated with EGF, which stimulates p70 S6 kinase via a pathway
independent of IRS-1, the responses were comparable (data
not shown). An assessment of the amount of p70 S6 kinase
protein by immunoblotting with ap70 S6 kinase showed it to be
comparable in wild-type and IRS-1-deficient mice (data not
shown).

FIG. 2. Insulin-stimulated, tyrosine-phosphorylated proteins in the muscles
and livers of wild-type and IRS-1-deficient mice. (A) PI3-kinase p85-associated,
tyrosine-phosphorylated proteins in mouse muscles 2 min after insulin injection.
(B) Identity of pp190 as IRS-2. Wild-type (WT) and IRS-1-deficient (null) mice
were or were not injected with insulin via portal veins. After 2 min, the skeletal
muscles from the hind limbs and the livers were removed, homogenized in 1%
Nonidet P-40–buffer A (see Materials and Methods), and centrifuged. The su-
pernatants were subjected to immunoprecipitation with aPY (PY20), aIRS-1
(1-6), ap85 (AB6), aIRS-2 (179C), or control rabbit preimmune serum and then
to Western blotting (immunoblotting) with PY20 conjugated to alkaline phos-
phatase (RC20A). The results are representative of more than five separate
experiments. IP or ip, immunoprecipitate; aPY, anti-phosphotyrosine.

FIG. 3. Stimulation of 2-deoxy-[3H]glucose uptake by insulin in soleus mus-
cles from wild-type (open bars) and IRS-1-deficient (stippled bars) mice. Soleus
muscles were incubated in oxygenated KHB buffer containing 8 mM glucose and
32 mM mannitol in the presence or absence of 100 nM insulin at 358C for 30 min
in a shaking incubator. The muscles were then transferred to KHB buffer con-
taining 40 mM mannitol and washed for 10 min to remove glucose. The rate of
2-DG uptake was then measured as described in Materials and Methods. Each
bar represents the mean 6 standard error for 7 to 10 muscles without wortman-
nin. p, P , 0.001 for insulin-incubated muscles from wild-type mice versus
insulin-incubated muscles from IRS-1-deficient mice. In some experiments, the
rate of 2-DG uptake was measured after a pretreatment or not with 50 nM
wortmannin for 30 min. The results for the muscles with wortmannin treatment
are the means 6 standard errors for two separate experiments shown in dupli-
cate.
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MAP kinase activity in skeletal muscles. To evaluate the
relative roles of IRS-1–Grb2 complexes and Shc-Grb2 com-
plexes in mediating the insulin stimulation of the MAP kinase
cascade in insulin target organs in vivo, we measured MAP

kinase activity in muscles from wild-type and IRS-1-deficient
mice. There was a maximal increase in kinase activity 5 min
after an insulin injection for both wild-type and IRS-1-deficient
mice (Fig. 5A). Insulin stimulation caused a 3.4-fold increase
of MAP kinase activity in the immunoprecipitates with the
polyclonal antibody against MAP kinase (aC92) of muscles
from the wild-type mice, whereas it caused a 1.7-fold increase
in IRS-1-deficient mice. When these mice were stimulated with
EGF, which stimulates MAP kinase via a pathway independent
of IRS-1, the responses were virtually identical (about sixfold
increases) (Fig. 5B), suggesting that the IRS-1-dependent
pathway caused the difference in MAP kinase activation by
insulin. When kinase assays were done in MBP-containing gels,
the magnitude of the maximal MBP kinase activation in mus-
cles from wild-type mice was also much greater than that in
IRS-1-deficient mice (data not shown). The amounts of 42-
and 44-kDa MAP kinase assessed by immunoblotting with the
polyclonal antibodies against MAP kinase (aC92 and aY91)
were comparable in the two groups (Fig. 5C and D).
Immunological detection of Ash/Grb2 associated with insu-

lin-stimulated, tyrosine-phosphorylated proteins. Insulin
causes the association of Ash/Grb2 with such phosphotyrosine-
containing proteins as IRS-1 and Shc, and this association is
involved in the activation of p21ras and the MAP kinase cas-
cade. Five minutes after the injection, the Ash/Grb2-associ-
ated, phosphotyrosine-containing proteins in the muscles were
determined by immunoblotting with the polyclonal anti-phos-
photyrosine antibody of the anti-Ash/Grb2 antibody (aAsh/
Grb2 [C23]) immunoprecipitates. In insulin-injected wild-type
mouse muscles, we observed a 175-kDa tyrosine-phosphory-
lated protein (Fig. 6A, lane b), which was consistent with the

FIG. 4. p70 S6 kinase activity in the muscles of wild-type (open bars) and
IRS-1-deficient (stippled bars) mice. Isolated soleus muscles from wild-type or
IRS-1-deficient mice were preincubated for 30 min in KHB buffer containing 5
mM glucose and then were transferred to KHB buffer containing 5 mM glucose
with or without 100 nM insulin. After 30 min, muscle extracts were prepared and
then subjected to immunoprecipitation with the antibody against p70 S6 kinase
(C-18). Immune complex kinase assays were performed as described in Materials
and Methods. The results are expressed as the ratios of the values for the
respective mice to those for untreated wild-type mice. Each bar represents the
mean 6 standard error for muscles from eight to nine mice without wortmannin
treatment. p, P , 0.001 for insulin-incubated muscles from wild-type mice versus
insulin-incubated muscles from IRS-1-deficient mice. In some experiments, the
muscles were preincubated or not with 50 nM wortmannin for 30 min. The
results for the muscles with wortmannin treatment are the means 6 standard
errors for two separate experiments shown in duplicate.

FIG. 5. MAP kinase activity in the muscles of wild-type (WT) and IRS-1-deficient (null) mice. (A) Time course of kinase activity of the immunoprecipitates with
the antibody against MAP kinase (aC92) toward MBP. Muscle extracts from untreated (time, 0 min) and insulin-treated wild-type and IRS-1-deficient mice were
subjected to immunoprecipitation with aC92 for the indicated time periods. The activity of MAP kinase was determined by incubation of the washed immunopre-
cipitates with MBP and [g-32P]ATP. Labeled MBP was spotted onto P81 phosphocellulose paper, and the paper was counted for radioactivity. The results are expressed
as the ratios of the values for the respective mice to those for untreated wild-type mice. Each bar represents the mean 6 standard error for muscles from 5 to 10 mice.
p, P , 0.01; pp, P , 0.001 (for wild-type versus IRS-1-deficient mice). (B) Insulin- or EGF-induced MAP kinase activity in the muscles of wild-type and IRS-1-deficient
mice. Muscle extracts from untreated and insulin- or EGF-treated wild-type and IRS-1-deficient mice (treatment time, 5 min) were subjected to immunoprecipitation
with aC92 and then to a kinase assay for MBP. Instead of being spotted onto P81 paper, labeled MBP was subjected to SDS-PAGE and then to autoradiography. The
results are representative of five separate experiments. (C) Western blotting with the antibody against MAP kinase (aY91). Muscle extracts from untreated and
insulin-treated wild-type and IRS-1-deficient mice (treatment time, 5 min) were subjected to SDS-PAGE and then to Western blotting with aY91. (D) Western blotting
with aC92. Muscle extracts from untreated and insulin-treated wild-type and IRS-1-deficient mice (treatment time, 5 min) were subjected to SDS-PAGE and then to
Western blotting with aC92.
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previous finding that Ash/Grb2 binds tyrosine-phosphorylated
IRS-1. In insulin-injected IRS-1-deficient mice, however, we
observed a 190-kDa tyrosine-phosphorylated protein in aAsh/
Grb2 immunoprecipitates (Fig. 6A, lane d). Five minutes after
the insulin injection, the association of Shc with Ash/Grb2 in
the muscles was assessed by immunoblotting with the antibody
against Ash/Grb2 of the anti-Shc antibody (aShc) immunopre-
cipitates. Shc could bind Ash/Grb2 in the muscles of IRS-1-
deficient mice to the same extent as it could in those of wild-
type mice (Fig. 6B, lanes a to d). Occasionally, the association
of Shc with Ash/Grb2 was increased slightly but not signifi-
cantly. When the amounts of Shc proteins were assessed by
immunoblotting with the polyclonal antibody against Shc of
the aShc immunoprecipitates, they were comparable in wild-
type and IRS-1-deficient mice (Fig. 6C). Under our conditions,
we were unable to separate the 52-kDa Shc isoform from the
background staining of the immunoglobulin G heavy chains.
Dissociation of the eIF-4E–4E-BP1 complex in skeletal mus-

cles in vivo. To evaluate the role of IRS-1 in mediating the
insulin stimulation of mRNA translation in insulin target or-

gans in vivo, we investigated the phosphorylation of 4E-BP1
and the dissociation of the eIF-4E–4E-BP1 complex 10 min
after the injection of IRS-1-deficient mice. 4E-BP1 appears as
three bands, designated a, b, and g, representing different
extents of phosphorylation (20). Insulin decreased the amounts
of the a nonphosphorylated form and the b phosphorylated
form with a low stoichiometry and increased the amount of g,
the more highly phosphorylated form, in the muscles of wild-
type mice (Fig. 7A, lane c). The effect was less extensive in the
muscles of IRS-1-deficient mice (Fig. 7A, lane d). As was
previously observed (21), at least one site in 4E-BP1 may be
phosphorylated without the loss of eIF-4E binding; thus, 4E-
BP1 a and b are the forms found bound to the initiation factor
after the complexes are isolated from the extracts by affinity
purification with a resin of the cap homolog m7GTP. The
eIF-4E from both control and insulin-treated mice quantita-
tively bound to the resin (Fig. 7B). Insulin markedly (by about
70%) decreased the amount of 4E-BP1 (a plus b) which bound
to the resin in the muscles of wild-type mice (Fig. 7C, lane c),
while in the muscles of IRS-1-deficient mice, it decreased the
amount by only about 40% (Fig. 7C, lane d, and Fig. 7E). After
these mice were stimulated with EGF, which stimulates the
dissociation of the eIF-4E–4E-BP1 complex via a pathway in-

FIG. 6. Insulin-stimulated, tyrosine-phosphorylated proteins associated with
Ash/Grb2 in muscles from wild-type and IRS-1-deficient mice. (A) Ash/Grb2-
associated proteins in mouse muscles 5 min after insulin injection. The aAsh/
Grb2 immunoprecipitates (ip) from the muscle lysates of wild-type (WT) (lanes
a and b) and IRS-1-deficient (null) (lanes c and d) mice without (lanes a and c)
and with (lanes b and d) insulin injection were subjected to Western blotting with
the polyclonal anti-phosphotyrosine (aPY) antibody and then to detection with
125I-protein A. The results are representative of five separate experiments. (B)
Association of Shc with Ash/Grb2 in mouse muscles 5 min after insulin injection.
The aShc immunoprecipitates from the muscle lysates of wild-type (lanes a and
b) and IRS-1-deficient (lanes c and d) mice without (lanes a and c) and with
(lanes b and d) insulin injection were subjected to Western blotting with aAsh/
Grb2 and then to detection with 125I-protein A. The results are representative of
three separate experiments. (C) Amounts of Shc in muscles from wild-type and
IRS-1-deficient mice. The aShc immunoprecipitates from the muscle lysates of
untreated and insulin-treated wild-type and IRS-1-deficient mice (treatment
time, 5 min) were subjected to Western blotting with aShc.

FIG. 7. Effects of insulin and EGF on the eIF-4E–4E-BP1 complex in mus-
cles from wild-type (WT) and IRS-1-deficient (null) mice. Muscle extract sam-
ples from untreated and insulin-treated and EGF-treated wild-type and IRS-1-
deficient mice (treatment time, 10 min) were subjected to SDS-PAGE, and
4E-BP1 was identified by immunoblot analysis with 4E-BP1 antibody (A). Other
samples incubated with m7GTP-Sepharose or 4E-BP1 antibody coupled to pro-
tein G-Sepharose were subjected to SDS-PAGE, and eIF-4E that was purified
with m7GTP (B), 4E-BP1 that was copurified with eIF-4E (C), and eIF-4E that
was coimmunoprecipitated with the 4E-BP1 antibody (D) were identified by
immunoblot analysis. The results are representative of more than three separate
experiments. (E) The relative amounts of 4E-BP1 recovered with m7GTP-Sepha-
rose were determined from the optical densities of the appropriate bands on
4E-BP1 immunoblots. The results are expressed as percentages of the amounts
of 4E-BP1 recovered from the muscles of untreated wild-type mice and are
means 6 standard errors for four independent experiments. p, P , 0.05 for
insulin-injected wild-type mice versus insulin-injected IRS-1-deficient mice.
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dependent of IRS-1, the responses were virtually identical (a
decrease of about 90%) (Fig. 7C, lanes e and f). The dissoci-
ation of eIF-4E and 4E-BP1 was also assessed by determining
the amount of eIF-4E that was coimmunoprecipitated with
4E-BP1 antibody (Fig. 7D). Insulin decreased the amount of
eIF-4E that was coimmunoprecipitated with 4E-BP1 from the
muscles of wild-type and IRS-1-deficient mice by about 70 and
40%, respectively, agreeing well with the findings with m7GTP-
Sepharose. These data suggested that the initiation of transla-
tion by insulin stimulation was impaired in the muscles of
IRS-1-deficient mice.
Protein synthesis rate in skeletal muscles. Since the initia-

tion of the translation of insulin stimulation was impaired in
the muscles of IRS-1-deficient mice, we next measured the
protein synthesis rate in soleus muscles of wild-type and IRS-
1-deficient mice which were incubated in vitro with insulin for
1 h. Insulin (100 nM) caused a 2.5-fold stimulation of the
protein synthesis rate in muscles from wild-type mice, whereas
it caused a 1.4-fold stimulation in IRS-1-deficient mice (Fig. 8).
When both groups were stimulated with EGF, which stimu-
lates protein synthesis via a pathway independent of IRS-1, the
responses were comparable (data not shown). To evaluate
whether the upstream pathway of protein synthesis would be
wortmannin sensitive, the protein synthesis rate was measured
after a pretreatment with 50 nM wortmannin for 30 min. Wort-
mannin decreased insulin-induced protein synthesis by approx-
imately 50% in muscles from both wild-type and IRS-1-defi-
cient mice (Fig. 8).
PI3-kinase and MAP kinase activities in liver tissue. For an

evaluation of the potential differences in insulin signalling
among different target organs, we measured PI3-kinase activity
in livers from wild-type and IRS-1-deficient mice. Two minutes
after insulin injection, there was a maximal increase in kinase
activity (Fig. 9A and B). In livers, PI3-kinase activity in PY20
immunoprecipitates was stimulated by about 6.8-fold in wild-
type mice and about 5.4-fold in IRS-1-deficient mice (Fig. 9A
and B). We also measured MAP kinase activity in the livers
and found that 5 min after the insulin injection, MAP kinase
activity in aC92 immunoprecipitates was stimulated by about
3.3-fold in wild-type mice and about 2.9-fold in IRS-1-deficient

mice (Fig. 9C and D). Thus, the maximal responses for insulin-
induced PI3-kinase and MAP kinase activation in livers in
IRS-1-deficient mice were slightly but not significantly im-
paired compared with those in the wild type.
Amount of tyrosine phosphorylation of IRS-1 and IRS-2 in

mouse muscles and livers. The molecular causes for the dif-
ference in the degrees of insulin resistance for muscles and
livers from IRS-1-deficient mice were determined with the
phosphotyrosine proteins in the muscles and livers 5 min after
insulin injection. We observed a 175-kDa tyrosine-phosphory-
lated protein (IRS-1) in both the muscles and livers of insulin-
injected wild-type mice (Fig. 10A and B, lanes b). In contrast,
in IRS-1-deficient mice, there was only a 190-kDa tyrosine-
phosphorylated protein (pp190 [IRS-2]) in the two tissues in
insulin-injected mice (Fig. 10A and B, lanes d). As can be seen
from Fig. 10C and D, the amount of tyrosine-phosphorylated
IRS-2 (in IRS-1-deficient mice) was roughly equal to that of
IRS-1 (in wild-type mice) in the livers, whereas the tyrosine
phosphorylation of IRS-2 was only 20 to 30% of that of IRS-1
in the muscles. The insulin receptor b subunit was tyrosine
phosphorylated in an insulin-dependent fashion to similar de-
grees in IRS-1-deficient mice and wild-type mice in both tis-
sues (Fig. 10A and B, lanes a to d).
With regard to other IRSs, the oncoprotein Shc is tyrosine

phosphorylated after being stimulated with insulin. Five min-
utes after the insulin injection, the tyrosine phosphorylation of
Shc in muscles and livers was assessed by immunoblotting with
the polyclonal antibody against Shc of PY20 immunoprecipi-
tates. Shc was phosphorylated to similar degrees in IRS-1-
deficient mice and wild-type mice in both organs (Fig. 10E).
Occasionally, tyrosine phosphorylation of Shc was slightly but
not significantly increased in IRS-1-deficient mice in the two
tissues. It should be noted that although EGF stimulation
resulted in the tyrosine phosphorylation of both the 52- and
46-kDa Shc isoforms, insulin stimulation resulted in the ty-
rosine phosphorylation of only the former isoform, which was
consistent with the previous report (25).

DISCUSSION

To better understand the physiological roles of IRS-1 in
vivo, we and others made mice with a targeted disruption of
the IRS-1 gene and demonstrated that IRS-1-deficient mice
exhibited growth retardation and also had resistance to the
glucose-lowering effects of insulin and insulin-like growth fac-
tor 1 (1, 36). Furthermore, a 190-kDa tyrosine-phosphorylated
protein (pp190/IRS-2) which is functionally and structurally
similar to IRS-1 has been presumed to compensate for the
function of IRS-1 deficiency, at least in part, in IRS-1 knockout
mice. In this study, we investigated the mechanism of insulin
resistance by comparing insulin’s actions in its target organs,
skeletal muscle and liver, in wild-type and IRS-1-deficient
mice.
Site of insulin resistance.We showed that the stimulation of

2-DG transport activity with insulin in the isolated soleus mus-
cle was significantly impaired in IRS-1-deficient mice, which
was concomitant with a decrease in insulin-induced PI3-kinase
activity. These data suggested that impaired glucose transport
in skeletal muscles in response to insulin was one mechanism
of resistance to the glucose-lowering effects of insulin in IRS-
1-deficient mice. In addition, other insulin actions, such as p70
S6 kinase and MAP kinase activation, mRNA translation, and
protein synthesis, were severely impaired in the muscles of
IRS-1 knockout mice. In contrast to the situation with the
muscles, an analysis of insulin action showed that both insulin-
induced MAP kinase activation and PI3-kinase activation were

FIG. 8. Effect of insulin on the incorporation of [3H]tyrosine into protein in
soleus muscles from wild-type (open bars) and IRS-1-deficient (stippled bars)
mice in vitro. Soleus muscles were preincubated for 30 min in Ham’s F12
medium and then were incubated with L-[3H]tyrosine for 1 h, and then the
tyrosine incorporation into protein was calculated as described in Materials and
Methods. Each bar represents the mean6 standard error for muscles from eight
to nine mice without wortmannin treatment. p, P , 0.001 for insulin-incubated
muscles from wild-type mice versus insulin-incubated muscles from IRS-1-defi-
cient mice. In some experiments, muscles were preincubated or not with 50 nM
wortmannin for 30 min. The results for muscles treated with wortmannin are the
means 6 standard errors for more than four separate experiments shown in
duplicate.
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comparable in the livers of wild-type and IRS-1-deficient mice.
We concluded that the insulin resistance of IRS-1-deficient
mice was mainly due to resistance in the muscles.
Compensation of IRS-1 by IRS-2 in IRS-1-deficient mice.

We sought to learn the molecular basis for the differences in
the impairment of insulin actions in these mice by investigating
insulin-stimulated, tyrosine-phosphorylated proteins in the
muscles and livers. Interestingly, in the muscles, the amount of
tyrosine-phosphorylated IRS-2 (in IRS-1-deficient mice) was
much less than that of IRS-1 (in wild-type mice), whereas the
amounts in the livers were roughly equal. In addition, the
amount of PI3-kinase p85- or Grb2-associated tyrosine-phos-
phorylated IRS-2 in the muscles was also much less than that
of IRS-1. Thus, the degree of compensation for IRS-1 defi-
ciency appeared to be correlated with the amount of tyrosine-
phosphorylated IRS-2 (in IRS-1-deficient mice) relative to that
of IRS-1 (in wild-type mice). The mechanisms by which the
significant induction of tyrosine phosphorylation of IRS-2 in
IRS-1-deficient mice and the differences in the relative
amounts of tyrosine-phosphorylated IRS-2 for the muscles and
livers take place are not known at present. Possible mecha-

nisms may include an altered expression of IRS-2 and an al-
tered efficiency of the tyrosine phosphorylation of IRS-2.
These important issues should be addressed in future studies.
With regard to other substrates, tyrosine phosphorylation of
Shc was either unchanged or occasionally slightly but not sig-
nificantly increased in both the muscles and livers of IRS-1-
deficient mice, suggesting that Shc may not play an important
role in compensation for IRS-1 deficiency. We cannot exclude
the possibility that molecules other than IRS-2 which we could
not detect under our conditions may be involved in compen-
sation for IRS-1 deficiency.
Role of IRS-1 or the IRS-1–IRS-2 system in insulin’s action.

It is difficult to dissect the roles of IRS-1 in such tissues as liver,
in which IRS-1 deficiency is well compensated for by IRS-2.
Thus, we analyzed the roles of IRS-1 in muscle tissues, in which
tyrosine phosphorylation of IRS-2 is much less than that with
liver tissues. We showed that all of the actions of insulin that
we studied—insulin-induced PI3-kinase activation, glucose
transport, p70 S6 kinase and MAP kinase activation, mRNA
translation, and protein synthesis—were impaired in IRS-1-
deficient mice, even in the presence of IRS-2 and Shc. We

FIG. 9. PI3-kinase and MAP kinase activities in the livers of wild-type (WT) and IRS-1-deficient (null) mice. (A and B) PI3-kinase activity in the immunopre-
cipitates with anti-phosphotyrosine (PY20) from the livers of wild-type and IRS-1-deficient mice. The anti-phosphotyrosine immunoprecipitates from the liver lysates
of untreated (time, 0 min) and insulin-treated wild-type and IRS-1-deficient mice for the indicated periods were subjected to a PI3-kinase assay. The autoradiogram
of the thin-layer chromatograph is shown (A). The radioactivity in the spots corresponding to phosphatidylinositol (PIP) was measured, and the results, expressed as
the ratios of the values for the respective mice to those for untreated wild-type mice, are shown (B). Each bar represents the mean 6 standard error for livers from
three to seven mice. N.S., the difference is not significant for insulin-injected wild-type mice versus insulin-injected IRS-1-deficient mice. (C and D) MAP kinase activity
in the immunoprecipitates with the antibody against MAP kinase (aC92) from the livers of wild-type and IRS-1-deficient mice. Liver extracts from untreated and
insulin-treated wild-type and IRS-1-deficient mice (treatment time, 5 min) were subjected to immunoprecipitation with aC92 and then to a kinase assay toward MBP.
Labeled MBP was subjected to SDS-PAGE and then to autoradiography (C). The radioactivity in the bands corresponding to MBP was measured, and the results,
expressed as the ratios of the values for the respective mice to those for untreated wild-type mice, are shown (D). Each bar represents the mean 6 standard error for
livers from three to six mice. N.S., the difference is not significant for insulin-injected wild-type mice versus insulin-injected IRS-1-deficient mice.
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could at least conclude that IRS-1 was necessary for those
insulin actions we discussed above.
In particular, the answer to the question of whether IRS-1

has an important function in mediating MAP kinase activation
is controversial. In IRS-1-deficient mice, IRS-2 instead of
IRS-1 was induced to be tyrosine phosphorylated and to bind
Ash/Grb2 by insulin stimulation, and Shc could bind Ash/Grb2
to a similar extent in wild-type mice. The maximal response in
insulin-induced MAP kinase activation was nevertheless se-
verely impaired in the muscles of IRS-1-deficient mice com-
pared with that in wild-type mice. These data provided the first
evidence that the insulin-stimulated association of Ash/Grb2
with tyrosine-phosphorylated IRS-1 may be a major mecha-
nism for insulin-induced MAP kinase activation in the physi-
ological target organ, skeletal muscles. The partial activation of
MAP kinase by insulin may be mediated, at least in part, by
tyrosine phosphorylation of IRS-2. In addition, Shc might also
be involved in the activation of MAP kinase in combination
with IRS-2–Grb2 complexes in IRS-1-deficient mice and with

IRS-1–Grb2 and possibly with IRS-2–Grb2 in wild-type mice.
The result of MAP kinase activity in the muscles of IRS-1-
deficient mice was not consistent with the results with various
transformed cell lines. Those results argued for the role of Shc
rather than IRS-1 in the activation of MAP kinase by insulin.
Furthermore, insulin-stimulated MAP kinase activation was
not significantly impaired in the livers of IRS-1-deficient mice,
unlike the effect in the muscles. This result may be due to the
fact that the amount of tyrosine-phosphorylated IRS-2 (in IRS-
1-deficient mice) was roughly equal to that of IRS-1 (in wild-
type mice) in the livers whereas the level of tyrosine phosphor-
ylation of IRS-2 was much lower than that of IRS-1 in the
muscles (also see Discussion above). The precise pathways
used by the insulin receptor to mediate its biological effects
may vary among the tissues and cell lines used and may depend
on the relative levels of competition among IRS-1, IRS-2, Shc,
and other unidentified signalling molecules.
In muscles from IRS-1-deficient mice, the responses to in-

sulin-induced p70 S6 kinase and MAP kinase activation were

FIG. 10. Insulin-stimulated phosphotyrosine proteins in muscles and livers from wild-type (WT) and IRS-1-deficient (null) mice. (A and B) Phosphotyrosine
proteins in mouse muscles (A) and livers (B) 5 min after insulin injection. Wild-type (lanes a and b) and IRS-1-deficient (lanes c and d) mice were not (lanes a and
c) or were (lanes b and d) injected with insulin via portal veins. After 5 min, the skeletal muscles from the hind limbs and the livers were removed, homogenized in
1% Nonidet P-40–buffer A (see Materials and Methods), and centrifuged. The supernatants were subjected to immunoprecipitation with anti-phosphotyrosine (aPY
[PY20]) and then to Western blotting with the polyclonal anti-phosphotyrosine antibody and then to detection with 125I-protein A. ip, immunoprecipitate; IR-b, insulin
receptor b subunit. (C and D) Amount of tyrosine phosphorylation of IRS-1 in wild-type mice and that of IRS-2 in IRS-1-deficient mice in muscles (C) and livers (D).
The amount of tyrosine phosphorylation, normalized by the amount of receptor autophosphorylation, was evaluated by densitometry of the autoradiographs and
expressed as the percentage of tyrosine phosphorylation of IRS-1 in wild-type mice. Each bar represents the mean 6 standard error for more than five independent
experiments. p, P , 0.001; N.S., the difference is not significant for wild-type mice versus IRS-1-deficient mice. (E) Tyrosine phosphorylation of Shc in mouse livers
and muscles 5 min after insulin injection. The PY20 immunoprecipitates from the liver lysates (lanes a to e) and the muscle lysates (lanes f to i) of wild-type (lanes
a to c and f and g) and IRS-1-deficient (lanes d, e, h, and i) mice without (lanes a, d, f, and h) and with (lanes c, e, g, and i) insulin and with EGF injection (lane b)
were subjected to Western blotting with the polyclonal antibody against Shc and then to detection with 125I-protein A. The results are representative of five separate
experiments.
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severely impaired. Since both p70 S6 kinase and MAP kinase-
p90 S6 kinase have been implicated in insulin-stimulated pro-
tein synthesis via several mechanisms, we measured insulin-
stimulated protein synthesis in the muscles. The rate of protein
synthesis stimulated with insulin was severely impaired in mus-
cles from IRS-1-deficient mice. This observation provided the
first evidence that IRS-1 plays a pivotal role in protein synthe-
sis stimulated with insulin in the physiological target organ.
Under our conditions, 50 nM wortmannin almost completely
prevented the increase in p70 S6 kinase activity stimulated by
insulin in the muscles, whereas the same dose of wortmannin
did not completely but did partially prevent the increase in the
protein synthesis rate, which was consistent with both MAP
kinase and p70 S6 kinase being involved in the activation of
protein synthesis. To further investigate the mechanism for the
impairment of insulin-stimulated protein synthesis, we studied
the dissociation of the eIF-4E–4E-BP1 complex in muscles.
The response was impaired in the muscles of IRS-1-deficient
mice, suggesting that decreased phosphorylation of 4E-BP1 by
p70 S6 kinase and/or MAP kinase may be one of the mecha-
nisms accounting for the decreased protein synthesis rate in
IRS-1-deficient mice.
In conclusion, (i) IRS-1 plays a central role in two major

biological actions of insulin, glucose transport and protein syn-
thesis in muscles; (ii) the insulin resistance of IRS-1-deficient
mice is mainly due to resistance in the muscles; and (iii) the
degree of compensation for IRS-1 deficiency appears to be
correlated with the amount of tyrosine-phosphorylated IRS-2
(in IRS-1-deficient mice) relative to that of IRS-1 (in wild-type
mice).
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